Abstract. There has been much recent interest in the role of solution chemistry and in particular the importance of molecular self-assembly in the nucleation of crystalline phases.
Introduction.
Since the work of Volmer and Weber in 1926 (1) it has been appreciated that nucleation involves the dual processes of interface creation by molecular clustering and the attachment of molecules to clusters enabling their growth beyond a critical size (2) . These phenomena may be thought of as respectively thermodynamic and kinetic in origin. There are many examples in the literature in which the thermodynamic features of nucleation have been accessed by simple induction time measurements in order to estimate interfacial tensions and in their recent review Davey et al (3) have discussed how the underlying kinetic processes may be examined through full nucleation rate measurements. However, while in the past measurement of such kinetics has been experimentally demanding, the advent of high throughput experimentation techniques now offers a convenient route to the provision of increasing amounts of data with which to examine various aspects of the nucleation process.
In the current study the Crystal16 induction time method is utilised (4, 5, 6) allowing the probabilistic nature of nucleation events to be properly quantified.
As an alternative to such kinetic measurements, recent work (3) has sought to examine structural links between solution species and structural synthons in the hope that new molecular level insights may be gained into the crystal nucleation process. The idea of a link between solution chemistry and nucleation was first suggested for 2,6-dihydroxybenzoic acid (7) on the basis of solubility data, spectroscopy, molecular modelling and the solid state chemistry of the known crystalline phases. Subsequent reports using NMR and FTIR (8, 9, 10, 11) supported a view that in solution intermolecular interactions can lead to the formation of supramolecular species that mirror the synthons present in the crystal structure. The detailed structural elucidation of supersaturated solutions using neutron scattering (12) , has given detailed insight into the important role played by the solvent in stabilising the supersaturated state and highlighted the potential importance of solute desolvation in creating the molecular clusters that will become nuclei and crystals. These conclusions, however, are all based on studies of either the solution or the resulting macroscopic crystalline phase. To date there appear to have been no reports in which such insights into solution structure have been linked directly to the measured kinetics of nucleation. In the work reported here, therefore, we set out to combine measurement of nucleation kinetics, solubility, solution FTIR data and computational studies with the aim of exploring, for the first time the links between the solution state of a molecule and its nucleation rate measured in a number of solvents.
This work formed part of a more general study of the model compound, p-aminobenzoic acid (PABA). This material has two enantiotropically related polymorphs, and (transition temperature 13.8 °C (13)) with known crystal structures (14, 15) and the stable form above 13.8 °C. The structure is based on the carboxylic acid R dimer (CSD refcode AMBNAC01) while that of PABA comprises an H-bonded tetramer (CSD refcode AMBNAC04). The two forms have distinct needle and rhombic morphologies (16) . Some additional experiments were also performed on benzoic acid which, like PABA, crystallises in a dimer structure (17) but is not polymorphic.
Experimental.
PABA (≥99%), acetonitrile (≥99.5%), 2-propanol (anhydrous 99.5%) and ethyl acetate (≥ 99.5%), were purchased from Sigma Aldrich while benzoic acid (≥ 99.5%) and toluene (99.5%) were purchased from Fisher. All chemicals were used without further purification.
Nucleation rates were calculated using the probability method (4), from induction time distributions measured on a Crystal16, where all set temperatures of the Crystal16 were recalibrated to compensate for the inherent constant temperature difference between the measured temperature in the well and its set temperature. In acetonitrile and ethyl acetate a solution volume of 1.5mL was used, in 2-propanol 1.8mL and for benzoic acid in toluene 1mL. These volumes were found to be optimal for elimination of any unwanted formation ('crowning') of crystalline solids around the top of the solution vials. For each chosen supersaturation 120 mL of stock solution was made by dissolving the appropriate amount of PABA in the respective solvents (for toluene / benzoic acid this was reduced to 50mL). Solubility data for and polymorphs has been reported previously (13, 16, 18, 19) but were re-measured in this work at 20°C for each solvent using a gravimetric method (five repeats).
In order to check that no interconversion of forms took place during these experiments, solid phases present in the equilibrating slurries were characterised by powder XRD, optical microscopy and FTIR spectroscopy. ps and sampled for 500 ps. All calculations were performed within the Gromacs programs package (22) . Topology files, bonded and non-bonded parameters were derived from the GAFF force field (23) . For the electrostatic potential, RESP charges were derived from
Antechamber (24) within Ambertools based on ab-initio calculations at the MP2/aug-cc-pvTz level of theory. In the PABA crystal structure the carbonyl group participates in hydrogen bonds which link molecules into classic carboxylic acid, R , dimers. Half of these dimers are packed such that their carbonyl is involved in further H-bonds with adjacent -NH2 groups which link alternate dimers (14) . This gives rise to the PABA crystal structure in which there are two experience two possible interactions -one in which it is hydrogen bonded to a methanol OH group (-C=O…H distance ~ 1.6Å) and one in which it is hydrogen bonded to other benzoic acid molecules mainly via weak CH…O= interactions (~2.5Å). No evidence was found for acid dimers, even in supersaturated methanol solutions. On this basis therefore, the only reasonable assignment would be that the more intense peak at 1685 cm -1 relates to the solvated carbonyl while that at 1715 cm -1 arises from carbonyls in weakly self-associated (but not dimerised) molecules. This assignment is supported by the solid state FTIR spectra of both the form of PABA (18) and the cocrystal of PABA with 4-nitropyridine N-oxide (25) . In both structures the PABA carbonyl group is singly hydrogen bonded to an amino nitrogen, mirroring the solvation suggested here and the asymmetric stretches are at 1686 and 1680 cm -1 respectively, close to the value of 1685 cm -1 seen in 2-propanol solutions.
Solubility.
In the spectrum of 0.38M (0.071 g/g) PABA in acetonitrile in Figure 1 there are also two carbonyl bands (1710 and 1683 cm -1 ) but with intensities reversed compared to the 2-propanol solution. In this case the solvent contains no H-bond donor and so the carbonyl will not be strongly solvated. It seems most likely that in this case the more intense band at 1710 cm -1 is due to weakly solvated carbonyl groups and the less intense band at 1683 cm -1 to hydrogen bonded interactions with other solute molecules. Whether or not such solute-solute interactions take the form of dimers is unclear -acetonitrile has a strong, sharp band at 919 cm -1 which appears unchanged in PABA solutions. Given the solid state spectrum of PABA, the existence of dimers in solution might be expected to result in a broad shoulder on the higher wavenumber side of this adsorption. This is not evident and hence we are inclined to the view that there are no dimers present, their formation being hindered by solvation of the -OH group by acetonitrile. Upon dilution of these solutions to 0.0012M the band positions do not shift to higher wavenumbers, further supporting the view that solvated monomers exist even in concentrated acetonitrile PABA solutions. In ethyl acetate solutions (spectrum not shown) the asymmetric carbonyl stretching bands are obscured by the solvent and thus could not be resolved reliably. However, there is a shoulder around 1700-1710 cm -1 implying behaviour similar to acetonitrile, with strong solvation of the hydroxyl group preventing the formation of acid dimers in solution.
As an adjunct to experiments in these polar solvents it was thought desirable to perform nucleation experiments in a solvent in which solute dimers would definitely be present.
Because PABA is essentially insoluble in all non-polar solvents this proved impossible and so, as a convenient alternative benzoic acid in toluene was studied. This acid is known to be dimerised in both the solid state and in non-polar solvents (9) . In previous work Davey et al (9) reported that in its dimer based crystal structure the asymmetric carbonyl stretch appears at 1684 cm -1 and the -OH wag at 935 cm -1 . For benzoic acid in toluene, these bands fall at 1694 cm -1 and 938 cm -1 respectively giving a clear indication of dimerisation in these solutions. 
Molecular dynamics calculations.
The calculated solvation free energies of PABA species are listed in Table 2 . In comparing the free energies per mole of two non-interacting PABA molecules with that of PABA dimers we are essentially looking at the relative stabilities of solvated and non-solvated (dimerised) acid groups and in this sense the calculation reflects the change that must occur on nucleation from solvents in which the solute is essentially totally solvated. Overall it is clear that in 2-propanol two isolated molecules of PABA are strongly preferred (ca.+11kJmol -1 ) over the carboxylic acid dimer, in ethyl acetate the situation is more finely balanced with monomers favoured by only ca. +0.3kJmol -1 whilst in acetonitrile the difference is ca.-5kJmol -1 in favour of dimers. If desolvation were the rate determining step in dimer formation it might be expected on this basis that nucleation would be slowest from 2-propanol and fastest from acetonitrile. 
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Induction time measurements.
Because PABA is an enantiotropic dimorphic system all the compositions used for the induction time measurements produced solutions supersaturated with respect to both phases.
However, the form nucleated and isolated within 1 minute was always PABA. In the separate polymorph conversion experiments, it was found that slurries of in all solvents took in excess of 2 hours for the first crystals to appear. Thus for the PABA detected in the induction time experiments to have originated from , these crystals would have had to nucleate and totally transform in less than 1 minute. These results suggest that this is highly unlikely and confirms that if the form had appeared it would have been detected. It is thus evident that the nucleation kinetics reported here are those of the -form and that this material does not follow Ostwald's Rule. Figure 3 shows the probability distribution obtained for the measured induction times of PABA in acetonitrile at 20°C. These data were fitted to equation 1 (Origin 8.0) in order to derive nucleation rates. A key parameter in this analysis is the growth time, tg, accounting for the delay in detection arising from growth (4). For a given supersaturation this time was taken as the minimum time required for induction to be observed. As the supersaturation increases, the probability P(t) more rapidly approaches 1, indicating higher nucleation rates. For example the derived rates, J, for supersaturation ratios, S, of 1.08, 1.10, 1.12, 1.14, 1.16 and From the parameter A0, information about the molecular kinetics of the nucleation process can be obtained through derived values of f*Co, the product of f*, the attachment frequency of building units to a nucleus and Co the concentration of nucleation sites, as defined in equation
Equation 3 where z is the Zeldovich factor derived and calculated according to Kashchiev ( (2) Table 3 lists the values of A and B obtained for PABA in the three solvents and benzoic acid in toluene. Benzoic acid in toluene has the largest kinetic parameter followed by PABA in acetonitrile, then ethyl acetate and finally the smallest kinetic parameter is PABA in 2-
propanol with a value of 1.09x10 4 m -3 s -1 . The effective interfacial tension values, eff, are also detailed in Table 3 and indicate that with respect to PABA most energy is spent creating interface in 2-propanol, with eff at 2.24 mJm -2 , followed by ethyl acetate and finally acetonitrile. Overall it is energetically most costly for benzoic acid in toluene. This trend is reflected in Figure 5 , where the critical nucleus size for PABA in each solvent is charted over a range of supersaturations: for higher eff values a higher supersaturation is needed to reach the same critical nucleus size. 
Solute
Discussion & Conclusions.
Firstly it is noted that the appearance of PABA throughout this work is in good agreement with other recent studies. For example, Gracin and Rasmuson (16) reported that, for a range of organic solvents, PABA was the kinetically favoured form: primary nucleation of PABA was only achieved by very slow cooling of ethyl acetate solutions saturated at temperatures below 15°C. Svard et al (18) reported that in 330 experiments in which solutions of PABA saturated at 15, 20, 30°C in methanol, acetonitrile and ethyl acetate were subsequently cooled, PABA was again the only form isolated. In attempting to understand why the nucleation of the form is so difficult, these two reports came to contradictory conclusions. The former hypothesised that dimerization in solution led to the formation of the dimer based polymorph while the latter acknowledged that PABA would be solvated and hence the solutions would probably not contain dimers. Certainly it is known that both scenarios can be true for carboxylic acid crystallisation (9) however, this previous work (16) provided no experimental evidence for the state of the PABA carboxylic acid group in the solvents used.
The new data reported here combine for the first time experimental evidence of the solvation state of PABA (Figure 2) , computation of the relative free energies of dimer formation (Table   2 ) and nucleation kinetics ( Figure 6 ). It is now possible to examine more fully the links between solvation, self-assembly and the nucleation process. Of the three solvents studied it has been concluded that the carboxylic acid groups in PABA are most strongly solvated by 2-propanol. For the acid groups of two PABA molecules to form a dimer, two H-bonded propanol molecules must be removed from each, requiring the breakage of 4 hydrogen bonds. Acetonitrile and ethyl acetate, having no H-bond donors provide less effective solvation with only two solvent molecules to be removed to enable dimer formation. The more detailed calculation revealed through the MD results of Table 2 verify this situation, confirming 2-propanol as the solvent in which dimers compare least favourably with monomers. These calculations also suggest subtle differences between ethyl acetate and acetonitrile with relative stability of dimers and monomers increasingly favouring dimers in the latter. If this relative stability of monomers and dimers is compared to the relative attachment frequencies estimated from the nucleation rates ( Figure 6 ) it is evident that there is a good correlation in which the lowest rate is observed in 2-propanol, the strongest solvator of the carboxylic acid group with rates increasing for the weaker solvators, ethyl acetate and acetonitrile in line with the G values of It is now possible to draw two important conclusions. Firstly these relative rates do not correlate with the magnitude of the relevant solubilities (Table 1) which are highest in ethyl acetate and lower in both acetonitrile and 2-propanol. Secondly the rates do correlate with the free energies of specific desolvation of the carboxylic acid group and formation of the acid dimer. This suggests that the rate determining step in cluster growth during nucleation is not the overall desolvation of PABA involving breakage of both H-bonds and non-specific van der Waals contacts but rather the specific desolvation of the carboxylic acid group leading to the creation of the R acid dimer.
If, in accordance with classical nucleation theory, molecular clusters are assumed to have the packing and morphology of a mature -crystal then further elaboration of this mechanism is possible. Macroscopic -crystals comprise b-axis needles in which the fast growth direction is associated with -stacking interactions, the ease of formation of which will be essentially independent of solvent. However, it is growth of faces in the [010] zone that are slowest and rate limiting and these are the very surfaces ({002} and {-101}) at which desolvation of the carboxylic acid groups lead to the formation of the acid dimer, the key structural synthon. It is thus concluded that indeed the overall process of transforming a molecule from solution to cluster is controlled by desolvation and dimer formation.
It was by way of a further test of this conclusion that experiments were performed on benzoic acid nucleating in toluene. In this case, as discussed above, self-assembled R benzoic acid dimers already exist in solution and hence their formation need not take place during nucleation thus making the desolvation enthalpy effectively zero compared to PABA. If indeed desolvation and dimer formation do control the molecular attachment frequency then a much higher rate would be expected for benzoic acid in toluene than for PABA in polar solvents. As seen in Figure 6 this indeed turns out to be the case with the relative value of f*Co/M at a supersaturation of 1.15 being 7.82, almost an order of magnitude higher than the PABA values. These conclusions are further reinforced by a similar trend in the relative values of the derived interfacial tensions and the critical radii (Table 3 and Figure 5 ).
Overall these appear to be very significant results in advancing our understanding of the key factors controlling nucleation rates. The attachment kinetics of PABA molecules to growing nuclei are dominated by the processes of desolvation and acid dimer formation; solution phase self-assembly of such dimers (as in benzoic acid) can lead to an order of magnitude enhancement in the nucleation rate. To our knowledge, this is the first time that a direct link has been made between nucleation kinetics and molecular processes occurring in solution. in
The scheme in Figure 7 shows these two distinct pathways to the nucleus, one involving direct addition of self-assembled dimers (viz. benzoic acid) and the other requiring desolvation of both surface and solution phases acid groups (viz. PABA).
In revisiting previous studies in which the nucleation kinetics have been measured in different solvents the only work available appears to be the 1957 report from Dunning and Notley (27) Of course, we are well aware that the conclusions drawn from these data rely on the concepts of classical nucleation theory. While no attempt is made to justify this, it has to be said that it leads to a result of compelling simplicity, offering an intellectually satisfying interpretation of the data.
